LiNi 0.5 Mn 1.5 O 4 , which has a spinel framework structure, is a promising candidate for the cathode material of next-generation lithium-ion batteries with high energy density. We investigate the structural transition in Li x Ni 0.5 Mn 1.5 O 4 (0 ≤ x ≤ 1) through first-principles calculations using the projector augmented wave method with the generalized gradient approximation. We calculate all the unique Li-site occupation configurations in a unit cell to obtain the total energies and the most stable structures for various compositions. Thermodynamic analysis shows that Li 0.5 Ni 0.5 Mn 1.5 O 4 with x = 0.5 is the only stable phase for 0 < x < 1. The decomposition energy is lower than 0.1 eV for 0 < x < 0.5, but is distinctly higher for 0.5 < x < 1. The decomposition energy reaches 0.39 eV at x = 0.75. The ratios of the structures at room temperature are calculated from Boltzmann factors by using the energy differences between structures. The crystal structure of the unit cell changes gradually from x = 0 to 0.5, but changes markedly from x = 0.5 to 1. This first-principles study provides a general evaluation of the variation in the crystal structure with the composition of the bulk material, which affects the cyclability of the electrode.
are primary functions of secondary batteries; therefore, the change in the composition and structure of electrodes is unavoidable, and the changes influence cyclability. Predicting these structural changes will help to accelerate the development of electrode materials. Therefore, for n = 0, 1, 7, and 8, the unit cell crystal structure is the same. For 2 ≤ n ≤ 6, the configurations of the occupied and unoccupied Li sites were considered. We calculated all the unique configurations in the symmetry operations of its space group (Table II) . The geometry of each cell was optimized to obtain the most stable lattice volume, shape, and atomic coordinates; the total energies of the cells were computed at the same time. We examined differences in energy of the various structures. The change in Gibbs energy is expressed by ∆G = ∆E + P ∆V − T ∆S. However, ∆E was of the order of 0.04-4 (eV/cell), P ∆V was of the order of 10 −5 (eV/cell), and T ∆S was of the order of the thermal energy in this study 14, 19, 20 . Because the P ∆V and T ∆S terms have little effect on ∆G, the assumption that ∆G can be approximated by only the change in the internal energy, ∆E, is valid. 
B. Thermodynamic analysis of phases
The ratio of structures at equilibrium was determined for a total Li content in the bulk of x = b. The lithiated and delithiated material was assumed to be Li x X , where X was Ni 0.5 Mn 1.5 O 4 . Because this is a pseudo-unitary system of Li, we examine Li content only.
For compositions of x = a, b, and c (a < b < c) in Li x X , the decomposition reaction is example L000, are site names, which are the same as those in Table I .
where G(x) is the Gibbs energy of the most stable structure at composition x. b (a, c) gives the ratio of the equilibrium amounts of species on each side of Eq. (1) by using the Boltzmann factor,
where P b (b) and P b (a, c) are the ratios of both edges in Eq. (1) in the bulk, k is the Boltzmann constant, and T is the temperature. T was assumed to be room temperature, 298 K. The sum of the ratios of all states at a given a given value of b must be 1:
The composition was treated as a discrete value. Each ratio of the decomposed state in the bulk, P b (a, c) and P b (b), was calculated by solving simultaneous equations 2 and 3. Then, each ratio, P b (x), was derived from
Assuming that ideal monovalent Li + cations are the only charge carriers, the average electrochemical potential versus Li/Li + between x 1 < x < x 2 of Li x X , V (x), is given by
where F is the Faraday constant, and G Li is the chemical potential of Li in a metallic Li anode 14, 19, 21 .
C. Computational conditions
The spin-polarized calculations were performed by DFT 22,23 using the plane-wave projector augmented-wave method 24 as implemented in the VASP code. [25] [26] [27] The exchangecorrelation term was treated with the Perdew-Burke-Ernzerhof functional 28 . For the unit cell of Li x Ni 0.5 Mn 1.5 O 4 , a cutoff energy of 500 eV and a k-mesh of 4 × 4 × 4 were determined through preliminary test calculations. A cutoff energy of 500 eV and a k-mesh of 64×64×64
were calculated for Li metal in a primitive cell with body-centered cubic structure. Geometry optimization was truncated when the residual forces on the atoms became less than 0.02 eV/Å.
III. RESULTS AND DISCUSSION
A. Thermodynamic stability and phase transition 
The line connecting the energies of the most stable structures for neighboring compositions was concave except for the area around x = 0.5 (Fig. 2) . This indicates that only one composition, x = 0.5, was thermodynamically stable, except for the end member compositions, x = 0 and 1. The Li sublattice in the cell labeled O forms an fcc-like structure. The fcc structure has high symmetry and uniform distance between atoms. The electrostatic repulsion between Li + ions makes it preferable for them to be positioned as far apart as possible.
Thus, the high stability of the cell is reasonable. In the region 0 < x < 0.5, the energy profile was concave, suggesting that Li x Ni 0.5 Mn to LiNi 0.5 Mn 1.5 O 4 were stressed by the volume change, which was estimated to be about 4%.
The most stable structures, which are on the solid line in Fig. 2 , are dominant at certain concentrations because of the Boltzmann factor. Therefore, we can assume that they are the only structures in the bulk material. We used the energies in Fig. 2 and Eq. 4 to calculate the ratio of structures in bulk Li x Ni 0.5 Mn 1.5 O 4 at 298 K (Fig. 3 ). This figure shows that the unit cell structure changed gradually via intermediate concentrations when the total Li content x was varied from 0 to 0.5, whereas the structure changed markedly from x = 0.5 to 1. These results suggest that it would be difficult to detect a difference in the internal structure of Li x Ni 0.5 Mn 1.5 O 4 (0 ≤ x ≤ 0.5) by experimental methods. The cyclability of an electrode is expected to depend on how smoothly its crystal structure changes. Therefore, it is valuable to describe the change in structure quantitatively as in Fig. 3 in order to predict the durability of new electrode materials.
B. Electrochemical potential
There were three thermodynamically stable compositions, where x = 0, 0.5, and 1. The electrochemical potential in the region 0 < x < 0.5 and 0.5 < x < 1 was calculated by using Eq. (5). 
